Correspondence: Thyroid cancer patients with high miR-490-3p inhibit translation of PCBP1 mRNA, whereas in patients with low miR-490-3p PCBP1 mRNA expression is high; however, the resultant protein is targeted for degradation through the proteasome. The objective of the present study was to evaluate the molecular mechanism that regulates post-translation degradation of poly r(C) binding protein (PCBP) 1 expression in thyroid cancer cells. Mass spectrometric analysis of PCBP1 immunoprecipitates from MG-132 treated TPC1 cells revealed a list of ubiquitin ligases associated with PCBP1. RNAi-mediated silencing of the candidate ubiquitin ligases revealed that knockdown of the ubiquitin ligase UBE4A stabilized PCBP1 in TPC1 cells. Concurrent overexpression of the candidate ubiquitin ligases in the normal thyroid epithelial cell line Nthy-ori 3-1 confirmed that ubiquitin conjugation factor E4 A (UBE4A) is the ubiquitin ligase that is degrading PCBP1. Coimmunoprecipitation of HA-tagged PCBP1 in TPC1 cells cotransfected with FLAG-UBE4A revealed robust polyubiquitinated smear of PCBP1, thus confirming UBE4A as the ubiquitin ligase of PCBP1. UBE4A expression mimicked PCBP1 mRNA expression in thyroid cancer patients and was inversely correlated to PCBP1 protein expression. Low UBE4A expression level was associated with a better prognosis in thyroid cancer patients. Our data reveal a post-translational regulatory mechanism of regulating PCBP1 expression in thyroid cancer cells.
Introduction
Thyroid cancer is the major form of all endocrine tumors [1, 2] . Thyroid cancer has shown steady increase in incidence especially within male patients [1] . Almost 30% of cases initially diagnosed as thyroid disorders ultimately turn out to be malignant progression [3] . Papillary thyroid cancer (PTC) is the major form of thyroid cancer, the other forms being follicular, anaplastic, or medullary [4] [5] [6] . Mortality associated with thyroid cancer is largely associated with metastatic dissemination to lymph nodes within the neck, mechanisms of which are slowly evolving [7] [8] [9] . Hence, finding biomarkers that would aid in early diagnosis or help better in indicating prognosis are actively sought. Our previous work has revealed that the RNA-binding protein, heterogeneous nuclear ribonucleoprotein E1 (hnRNP E1), or poly r(C) binding protein (PCBP)1 function as tumor suppressor in thyroid cancer [10, 11] .
We have shown that expression of PCBP1 mRNA can be suppressed at the translation stage by the microRNA, miR-490-3p [10] or in cases of thyroid cancer where miR-490-3p are expressed in low levels, PCBP1 protein can be degraded through the proteasome [11] . Hence, redundant mechanisms act in sync to regulate PCBP1 protein expression or stability during thyroid cancer. This is not entirely without precedence.
PCBP1 functions as a tumor suppressor by inhibiting translation at the elongation phase of a cohort of genes required for metastatic progression in breast, ovarian, lung, and pancreatic cancer, as well as in Burkitt lymphoma [12] [13] [14] [15] [16] [17] [18] . The regulatory function of PCBP1 in cancers can be determined through loss expression of PCBP1 or phosphorylation-mediated inhibition of binding to its cognate targets [10, [12] [13] [14] [15] [16] [17] [18] .
The objective of the present study was to define how PCBP1 expression is suppressed at the post-translational level in thyroid cancer. Our results show that the E3 ligase, ubiquitin conjugation factor E4 A (UBE4A) targets PCBP1 for proteasomal degradation and that UBE4A expression can serve as a novel biomarker in thyroid cancer patients.
Materials and methods

Patient samples
The study protocol was approved by the Institutional Review Board of Tianjin Medical University General Hospital, China. Papillary thyroid carcinoma tissue specimens and corresponding adjacent non-tumorous thyroid tissue samples were obtained from 47 Chinese patients at Tianjin Medical University General Hospital between 2012 and 2015. Inclusion criteria were patients that did not undergo preoperative local or systemic treatment and for whom follow-up data were available. Of the 47 patients, PCBP1 mRNA expression was determined as described below and ten patients each with low and high PCBP1 expression were included for the final analysis.
Cell culture and treatment
TPC cells were obtained from the cell and tissue bank at our center, whereas the normal thyroid epithelial cell line Nthy-ori 3-1 was obtained from Sigma-Aldrich, Shanghai, China. Both cells were cultured in RPMI1640 medium, containing glutamine, 5% FBS (Lonza, Germany), and penicillin/streptomycin. Cells were maintained at 37
• C under a humidified atmosphere of 5% carbon dioxide, where indicated cells were treated with 10 μM MG-132 (Sigma-Aldrich, Shanghai, China) for 6 h before being harvested.
RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) to detect PCBP1 expression were done as described previously [11] . Data were represented as mean + − standard deviation of three independent experiments, each done in triplicates.
Gene construction and transfection
Scrambled siRNA (control) or siRNAs targeting indicated genes were obtained from Life Technologies (Silencer Select; Shanghai, China). Indicated overexpression constructs were generated by amplifying the coding region from cDNA obtained from TPC1 cells and sub-cloned into pEF-HA vector (Addgene). TPC1 cells (4 × 10 6 ) were transiently transfected with indicated plasmids or siRNAs using Lipofectamine 3000 (Life Technologies, Beijing, China). Cells were harvested 72 h after transfection and analyzed as indicated.
Mass spectrometry
In-gel trypsin digestion of silver-stained gel was performed with 5-10 ng/l of trypsin (Mass Spectrometric grade) and 50 mM ammonium bicarbonate and incubated overnight at 37
• C. Following enzymatic digestion, the resultant peptides were extracted three times with 10-20 μl of 5% trifluoroacetic acid in 50% acetonitrile and dried using a vacuum centrifuge for 30 min. The dried samples were analyzed by matrix-assisted laser desorption/ionization time-of flight (MALDI-TOF) mass spectrometer (Voyager-DE PRO, ThermoFisher Scientific) for peptide mass fingerprinting at a local core facility. Peptides were analyzed using the MASCOT algorithm. Prioritization of putative E3 ligases to be subsequently tested was done based on peptide coverage threshold of 40%.
The Cancer Genome Atlas Analysis
The TCGA data portal (tcga-data.nci.nih.gov/tcga/) was used to download thyroid carcinoma RNASeqV2 normalized gene expression data on 153 tumor-normal matched pairs. Statistical analysis was performed as described previously [11] .
Immunohistochemistry
Tissue specimens from 20 patients with thyroid cancer were stained for PCBP1 expression (#ab-133421, Abcam). The stained slides were scored by a pathologist as percent staining (0-100%) blinded to the identity of the tissue cores. 
Survival analysis
Overall survival analysis of the patients in our data set was performed using the Kaplan-Meier method and assessed via log-rank test.
In vitro ubiquitination reaction
To detect ubiquitinated-PCBP1, TPC1 cells were transiently transfected with HA-PCBP1 or FLAG-UBE4A as indicated. For immunoprecipitation (IP), whole cell lysates were prepared as above. Cell lysates (2000 μg) were incubated for overnight at 4
• C with 50 μg of either mouse anti-HA antibody or mouse IgG (Sigma-Aldrich, Shanghai, China) cross-linked to protein A/G beads (Pierce Crosslink IP Kit, Life Technologies, Shanghai, China). The immune complexes were collected by centrifugation, washed five times in IP lysis buffer, and eluted with glycine. The eluant were resolved by SDS/PAGE and probed by anti-Ubiquitin antibody (#ab-7780, Abcam).
Statistical analyses
All statistical analyses were performed using the SPSS version 20.0 (IBM Corporation, NY). A P-value < 0.05 was considered statistically significant.
Results
We have previously shown that PCBP1 expression can be inhibited at the translation level by miR-490-3p (10) and in cells where miR-490-3p expression is low, PCBP1 is degraded by proteasomal degradation. Hence, our goal was to find the E3 ligase that mediates degradation of PCBP1.
We initially confirmed PCBP1 protein expression in the normal thyroid epithelial cell line, Nthy-ori 3-1, and the thyroid cancer cell line TPC1. Whereas robust PCBP1 protein expression was detected in the Nthy-ori 3-1 cells, it was hardly detected in the TPC1 cells ( Figure 1A) . Differential protein expression was not due to difference in PCBP1 mRNA expression ( Figure 1B) (P>0.05) . To identify the cognate E3 ligase, we performed mass spectrometry analysis using a local core facility. PCBP1 and its interacting partners were immunoprecipitated from untreated and MG-132 treated TPC1 cells under the rationale that MG-132 stabilizes the protein and thus comparison of the two cases will indicate differential association with putative E3 ligases ( Figure 1C) . Our mass spectrometry analysis revealed 43 putative E3 ligases that were interacting with PCBP1. This list was prioritized to ten putative E3 ligases based on a cut-off of at least 40% peptide coverage in the mass spectrometry analysis.
For each of the ten E3 ligases, TPC1 cells were transiently transfected with siRNA targeting those E3 ligase and then PCBP1 protein expression was determined. Transfection of siRNA targeting UBE4A, encoding ubiquitin conjugation factor E4 A E3 ligase, induced accumulation of PCBP1 protein expression (Figure 2A ), indicating this might be the ligase that targets PCBP1 for proteasomal degradation. To confirm the same, we overexpressed each of the ten E3 ligases in the normal thyroid cell line, Nthy-ori 3-1, and found that only overexpression of UBE4A resulted in loss of detection of PCBP1 ( Figure 2B ), confirming that UBE4A has a role to play in the stability of PCBP1 protein.
We next determined endogenous expression level of UBE4A in the TPC1 and Nthy-ori 3-1 cell lines. UBE4A was robustly expressed in TPC1 cell line and hardly detectable in the Nthy-ori 3-1 cell line ( Figure 3A) , which was inverse to PCBP1 protein expression observed in these cell lines ( Figure 1A) . Immunoprecipitation analysis revealed Higher UBE4A expression was associated with a significantly less favorable outcome (log-rank P-value-0.01963).
that UBE4A and PCBP1 proteins interacted in the TPC1 cell line ( Figure 3B ). We next determined if UBE4A can ubiquitinate PCBP1 protein in thyroid cancer cells. TPC1 cells were transiently transfected with FLAG-UBE4A and HA-PCBP1 as indicated in Figure 3C . Seventy-two hours post-transfection cells were treated + − MG-132. Lysates obtained from these cells were immunoprecipitated with HA antibody or IgG, resolved by SDS/PAGE, and probed with anti-Ubiquitin antibody to detect poly-ubiquitinated PCBP1. Only cells treated with MG-132 and cotransfected with both HA-PCBP1 and FLAG-UBE4A showed poly-ubiquitinated smear of PCBP1 ( Figure 3C ), thus establishing UBE4A as the E3 ligase for PCBP1 protein degradation.
We have previously shown that thyroid cancer patients can be divided into two cohorts based on the level of PCBP1 mRNA expression [11] and that in the cohort with high PCBP1 mRNA expression, PCBP1 protein expression is suppressed by degradation [11] . Thus in order to determine if UBE4A expression correlates with the high PCBP1 mRNA expression cohort, we performed metagenomic analysis of The Cancer Genome Atlas (TCGA) data. UBE4A expression was almost absolutely correlated to the PCBP1 mRNA expression, with high expression noted in cases with high PCBP1 mRNA expression ( Figure 4A) .
We next determined PCBP1 expression by immunohistochemistry and UBE4A expression in 20 thyroid cancer patients. Our results indicated a dynamic and inverse correlation between down-regulation in the levels of UBE4A and the observed increase in the PCBP1 in thyroid cancer tissue specimens ( Figure 4B ) (P<0.005; Pearson correlation, r = −0.9113).
We next asked whether UBE4A expression levels had the potential to be of use as a clinical prognostic marker. Overall survival analysis of the patients in our data set was performed using the Kaplan-Meier method and assessed via log-rank test. Higher UBE4A expression was associated with a less favorable outcome (log-rank P-value-0.01963) ( Figure 4C ). However, given the limited duration of our study, this association needs to be determined over a 5-and 10-year time frame.
Discussion
In the present study, our experimental results show that PCBP1 protein is targeted for degradation by the E3 ligase UBE4A in thyroid cancer patients that have high PCBP1 mRNA expression and basal miR-490-3p expression. We also showed that UBE4A is the E3 ligase that degrades PCBP1 protein in thyroid cancer cells but not in normal thyroid epithelial cells. Our findings highlight a novel post-translational mechanism to regulate PCBP1 expression.
In fact, data mining showed that UBE4A and PCBP1 protein expression follow an inverse correlation in thyroid cancer patients and that thyroid cancer patients can be divided into two distinct cohorts based on PCBP1 and UBE4A mRNA expression. UBE4A expression could serve as a putative prognostic marker in these patients. The profound induction in relative expression of PCBP1 in Nthy-ori 3-1 cells and its active degradation in the TPC1 cells suggests that UBE4A functions as a putative tumor promoter in thyroid cancer.
UBE4A and UBE4B are U-box-containing ubiquitylation enzymes and are the two human homologues of yeast UFD2 ubiquitination factor. They have been shown to be mutated in different cancer, including neuroblastoma and colorectal cancer [19, 20] . The yeast homologue Ufd2 has been shown to ubiquitylate and degrades the cell cycle kinase Mps1 that is a core component of the anaphase promoting complex E3, and that this function is conserved in humans [21] . UBE4A expression has also been shown to be dependent on cell cycle progression [22] , substantiating its role on cell growth and proliferation. However, role of UBE4A has not been previously elucidated in the context of thyroid cancer.
Our previous work has shown that in thyroid cancer patients with high miR-490-3p expression, PCBP1 mRNA is translationally inhibited, whereas in patients with low or basal miR-490-3p expression, PCBP1 protein is targeted for degradation [10, 11] . We now show that it is UBE4A that functions as the E3 ligase to target PCBP1 to the degradation machinery. It remains to be determined what regulates UBE4A and miR-490-3p in thyroid cancer patients such that they are expressed in a mutually exclusive fashion in these patients to ensure that PCBP1 expression is down-regulated. Given that PCBP1 is a well-established tumor suppressor [10] [11] [12] [13] [14] [15] [16] [17] [18] and UBE4A is an enzyme, determination of this cross-talk in normal physiological conditions and in pathological context will be vital for rationale design of therapeutic strategy to target UBE4A expression.
